Abstract. The paper presents an assessment of the possibility of using solar energy for heating a selected residential building. The influence of the thermal insulation standard of the outer casing and the air tightness of the building on technical solutions with conventional heat sources and a solar energy system was analysed. In Polish climate conditions, especially in November and December, the availability of solar energy is usually insufficient in relation to heating needs. Therefore, it is necessary to store heat when it is to be used for heating. Monthly and yearly periods of heat storage have been considered. The influence of the use of solar radiation energy on the change in the energy performance of the building and on the reduction of carbon dioxide emissions was determined. Characteristics of heating systems and devices [9] as well as generally available meteorological data [5] were used for energy calculations.
Introduction
Among many reasons for the growing importance of renewable energy in covering heating needs in housing, the following can be mentioned: increasing costs of heating using conventional (non-renewable) fuels and the tendency to reduce operating costs, striving to reduce pollutant emissions, and increasing energy independence through diversification of heat and energy sources. Constant technological progress is also essential as it makes available technical solutions that are more energy-efficient and reliable. The rationale behind hot water preparation, especially in summer, no longer raises any doubts. As far as the use of solar energy for heating is concerned, in buildings there are heat gains from solar radiation, mainly through glass partitions of the envelope, and we can say that they are obtained in a passive way. In practice, however, buildings tend not to be designed considering the use of heat gains in winter and protection against excessive profits in summer.
When estimating possible effects of active use of solar energy for heating, it should be taken into account that in Poland the energy efficiency of most residential buildings is unsatisfactory.
It is estimated that still 7.3% (404 610) of residential buildings are characterized by an indicator of annual demand for final energy for heating, ventilation and domestic hot E3S Web of Conferences 49, 00049 (2018) https://doi.org/10.1051/e3sconf/20184900049 SOLINA 2018 water preparation of more than 300 kWh/(m 2 a), and in 71.9% (2 621 650) of them this ratio exceeds 140 kWh/(m 2 a) [1, 4] . Even if newly constructed buildings have definitely improved energy performance, they still account for less than 5% of all houses used [1] .
Simplified model
In the heating system of a building (Figure 1 ), the following main components can be distinguished: a heat source, and a solar collector system with a heat storage. Variable weather conditions affect the efficiency of all the components of this system. For detailed analysis of the problem of supporting conventional heating with a solar collector system, simulation tests are necessary. On the other hand, an overall evaluation of the performance of such a system can be made using the monthly balance method, which makes it possible to use corresponding long-term energy efficiencies [6] . It should be emphasized that the efficiency of equipment, solar collectors in particular, varies each month and differs from instantaneous values. For example, the efficiency of solar collectors depends not only on irradiation, ambient temperature, heat exchange conditions, and conversion of solar radiation energy, but also on the temperature of water coming from and returning to the heat storage. The general diagram of heat flow in a solar heating system of a building with an additional source of heat is shown in Figure 2 . The energy of solar radiation is absorbed by solar collectors and undergoes photothermal conversion. In this process there are losses of available solar radiation energy and heat to the environment. When the heat carrier flows, there are also heat losses between the solar collector and the storage tank. Therefore, only a part of the heat is delivered to the storage.
Not all heat stored in the storage tank is effectively used for space heating. Further losses occur due to heat exchange with the environment and the quality of temperature control. Figure 2 also indicates the possibility of direct heating of premises and heat losses occurring in this process, as well as heat supplied from an additional source, but the analysis of such a case requires simulation tests. To estimate the storage capacity and the surface area of solar collectors, it is necessary to determine the heating needs. In the first step (Figure 3 ), starting from the thermal performance of the building, the monthly balance method [7] was used to calculate the amount of useful heat required for heating each month and throughout the year. Such considerations allow the verification of a monthly or annual heat storage period, but the appropriate long-term efficiencies must be determined for the period concerned. Then, after considering the heat losses within the heating system (assumed thermal efficiency ��� ), the final energy demand (Q F ) is determined:
The heat is lost due to a temperature difference between the heat carrier and the surroundings of the storage tank and during transport from the storage tank to the building. Taking thermal efficiency of this process ( �� ), the amount of heat to be stored in the tank is:
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Similarly, heat losses during heat transport from the solar collectors to the storage affect the necessary amount of heat that should be obtained in solar collectors:
where ���,�� denotes thermal efficiency of this transport process.
Knowing the global solar radiation on the surface of the solar collectors ( ��� ) and the long-term efficiency ( ��� ), one can determine the necessary solar collector surface area:
Subsequently, losses along the path of heat flow from the heated space to the heat storage were integrated, and the total efficiency in this part of the heating system was expressed as:
while the total thermal efficiency ( ���,� ) was expressed in relation to the solar energy conversion ( ��� ) and the thermal efficiency of the heat storage and heat transport from solar collector to heat storage ( ���,�� ) as:
The determined thermal capacity of the storage tank and the assumed temperature difference between the maximum and minimum storage temperatures makes it possible to determine the required volume of the storage tank:
where:
� -average water density in the considered temperature range, kg/m 3 , � -average specific heat of water in the considered temperature range, kJ/(kg K).
Case study
To analyse the possibility of solar energy application for heating a building, a two-storey building having the shape of a rectangular cuboid was chosen.
The area of its southern and northern walls is 25% larger than that of the eastern and western ones. It was assumed that the height of the storey is 2.80 m, and its usable area (A f ), which was selected on the basis of statistical data [1] , is 120 m 2 . The surface of glazed partitions is 1/8 of the usable area. This assumption is in line with the minimum requirements established in the Regulation [8] . The distribution of glazed divisions is as follows: 50% of the assumed area in the southern wall and 25% in each of the eastern and western walls. The quality of thermal insulation of partitions was taken in accordance with current requirements [8] , and ceiling above the basement -0.25 W/(m 2 K). The dynamic properties of the building were defined in a simplified way, assuming that the internal thermal capacity (C m ) in relation to the heated area (C m / A f ) is 500 000 J/(K m 2 ).
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The air exchange rate in the building was assumed to be 0.5 1/h. With this assumption, the ventilation air flow is 168 m 3 /h. This value is very similar to the one required in the case of a house with a kitchen with a gas cooker and two bathrooms. In order to reduce the heat demand to warm up the ventilation air, the possibility of recovering heat from the removed air with the efficiency of 50% was taken into account. The value of unit gains was taken as 3.5 W/m 2 .
The following values of thermal efficiency of the heating system were assumed (equation 5): 100%, 80%, and 60%, and of the solar energy system (equation 6): 100%, 80%, and 60%. Of course, the efficiency of 100% is only for theoretical investigation but it serves to describe the ideal case. The angle of inclination of the collector surface with respect to the horizontal surface equal to 45º and the azimuth angle of 0º (south) were selected. The only available meteorological data, which are currently posted on the website of the Ministry of Investment and Development [5] , were used for the calculations. The calculations were limited to a fixed heating season lasting 9 months, i.e. from 1 September to 31 May inclusive, and they were made for almost all meteorological stations (without Śnieżka and Kasprowy Wierch). Climatic data are given in Table 1 for locations selected due to: • the highest average temperature in the heating season (Świnoujście), • the lowest average temperature in the heating season (Suwałki), • the lowest average and maximum temperature in the heating season (Zakopane), • the highest total solar irradiation on the horizontal surface outside the heating season (Tarnów), • the highest annual solar irradiation on the horizontal surface (Racibórz), and • the lowest annual solar irradiation on the horizontal surface outside the heating season (Chojnice). Data for some other cities are included in the evaluation. In terms of the energy performance of a building, the most unfavourable location is Suwałki, while the most advantageous Tarnów (with the lowest thermal insulation standard) and Nowy Sącz (in other cases).
Possibilities of using solar energy for heating
First, on the basis of equations (5) and (7), the required volume of heat storage was determined depending on the indicator of annual heat demand for heating (Figure 4) . In the most advantageous case, i.e. Nowy Sącz, the largest energy demand for heating, when the average annual efficiency of the heating system is 80%, occurs in December and amounts to 1 531.1 kWh/month ( Figure 5 ). Assuming the long-term efficiency of the solar energy generation system ( ����� ) of 60%, collectors with an active area of 72.20 m 2 are needed to meet the heating needs. However, if the heat storage operates for the whole year, the solar collector surface area of only 7.5 m 2 is required. In this case, the heat of 5 100.1 kWh/a should be accumulated. For the efficiency ��� of 80%, a house located in Suwałki will have the largest demand for heating energy (2 766.0 kWh/month) in January, although in December there is also a very high value of 2 659.8 kWh/month ( Figure 6 ). Assuming long-term efficiency ����� of 60%, solar collectors with an active area of 168.0 m 2 are needed to meet the heating needs. Due to low availability of solar energy in December, the required area is as much as 341.0 m 2 . In contrast, when the storage tank is used for the whole year, the area of almost 20.00 m 2 is sufficient, with the heat of 10 712.1 kWh/a to be stored. 
Reduction of carbon dioxide emissions
In order to estimate the effects of replacing conventional fuels with the clean solar energy, the methodology presented in [9] was adopted. According to the methodology, the final energy demand for auxiliary equipment is determined from the following formula:
������ -electric energy demand for the operation of the i-th auxiliary device in the heating system, kW/m 2 ,
���� -operating time of the i-th auxiliary device in the heating system during the year, h, � -space area with adjustable air temperature (heated space), m 2 .
A condensing boiler was assumed to be the main heat source due to its high efficiency. Next, electric power required to drive auxiliary devices was determined taking into account: circulating pumps in the heating system with floor radiators, reservoir loading pumps, regulating and auxiliary devices necessary for the operation of a boiler and a solar energy generation system, and supply and exhaust fans in the ventilation unit with heat recovery. It was determined that the power of 1 188.2 kWh is required during the year to drive auxiliary equipment.
According to the methodology [9] , the specific emission of carbon dioxide by the heating system together with the auxiliary equipment is:
�� � �� -amount of CO 2 emissions from the combustion of fuels through the heating system, t CO 2 /a:
��� -annual energy demand for final energy supplied to the building or part of the building for the heating system, kWh/a, ��� -CO 2 emission factor depending on the type of fuel burned by the heating system, t CO 2 /TJ, �� � ������ -the amount of CO 2 emissions from the combustion of fuels for producing electricity necessary to drive auxiliary devices in the heating system:
�������� -annual demand for auxiliary secondary energy supplied to the building or part of the building for the heating system, kWh/a, w �������� -CO 2 emission factor depending on the method of generating electricity necessary to drive auxiliary devices in the heating system, t CO 2 /TJ.
The values of emission factors were assumed to be [2, 3] , i.e. the emission rates of electricity produced in 2016 for end consumers of electricity equal to 781 kg CO 2 /MWh [3] , and for natural gas equal to 56.10 kg CO 2 /GJ [2] . The results are shown in Figure 7 . The next figure (Fig. 8 ) presents values of the CO 2 emission factor with a variable share of solar radiation energy in covering the heating needs of a building located in Suwałki with the efficiency of a heating system equal to 80%.
There is a certain limit of the energy demand for heating below which the CO 2 emissions will be mainly caused by the operation of auxiliary equipment, which is the case below 30 kWh/(m 2 a) when the heating system efficiency is 80%. With a 40% share of solar energy in the heating demand, the reduction of CO 2 emissions is almost 30%. However, when the needs are fully met, this reduction increases to 70%. 
Conclusions
The article presents a simplified analysis of the possibilities of using solar energy for heating a sample single-family building. It is obvious that the better the energy performance of a building is, the more possible it is to use solar energy for heating. It is observed that if the quality of thermal insulation of partitions is higher and the thermal characteristics of the ventilation system is better, then heat gains from solar radiation have greater impact on the energy performance.
Increasingly stringent requirements concerning thermal insulation of external partitions differentiate building energy characteristics depending on the local climate. 
